Polymorphisms in methionine synthase (MTR) gene may be involved in carcinogenesis by affecting DNA methylation. However, association studies on MTR A2756G polymorphism in cancers have reported conflicting results. Therefore we performed a metaanalysis to better assess the associations. A total of 24 896 cancer patients and 33 862 controls from 52 articles for MTR A2756G were investigated. Overall, individuals carrying MTR 2756GG genotype had a subtly reduced cancer risk under a recessive genetic model (odds ratio (OR), 0.92; P¼0.053; 95% confidence interval (95% CI), 0.84-1.00; I 2 ¼0.0%; P heterogeneity ¼0.61). In the subgroup analyses by ethnicity, 2756GG was associated with a significantly reduced cancer risk in European populations (OR, 0.83; P¼0.001; 95% CI, 0.74-0.93; I 2 ¼0.0%; P heterogeneity ¼0.99). However, in Asian populations, a significantly elevated association between 2756GG genotype and cancer risk was observed (OR, 1.33; P¼0.012; 95% CI, 1.06-1.65; I 2 ¼0.0%; P heterogeneity ¼0.50). In studies stratified by tumor site, there was a significantly reduced risk of acute lymphoblastic leukemia (ALL) (OR, 0.54; P¼0.049; 95% CI, 0.29-1.00; I 2 ¼10.7%; P heterogeneity ¼0.33) and colorectal cancer (OR, 0.63; P¼0.004; 95% CI, 0.47-0.87; I 2 ¼0.0%; P heterogeneity ¼0.73) in European populations. Our study indicates that MTR A2756G polymorphism is a candidate gene polymorphism for cancer susceptibility regardless of environmental factors. Large-scale, well-designed, and population-based studies are required to further investigate gene-gene and gene-environment interactions on MTR A2756G polymorphism and tissue-specific cancer risk in an ethnicity-specific population.
INTRODUCTION
DNA methylation is critical for regulating gene expression and gene integrity. Mechanism of carcinogenesis by abnormal DNA methylation is complex. Gene-specific hypermethylation and global DNA hypomethylation are two of the most common patterns observed in many tumors. 1 Methionine synthase is a vitamin B 12 -dependent enzyme, which catalyzes the remethylation of homocysteine to methionine and the concurrent demethylation of 5-methyltetrahydrofolate to tetrahydrofolate. Methionine synthase has a key role in maintaining adequate intracellular folate, methionine and normal homocysteine concentrations. Methionine is an essential amino acid and precursor of S-adenosylmethionine, which is a universal methyl-group donor involved in methylation reactions including DNA methylation. 2 A common polymorphism in methionine synthase (MTR) gene (2756A-G, rs1805087) was initially thought to be associated with lower enzyme activity than MTR 2756AA genotype, causing homocysteine elevation and DNA hypomethylation. 3 However, in subsequent investigations, some studies suggested a modest inverse association between 2756GG polymorphism and homocysteine levels, indicating an increased enzymatic activity of the variant genotype. 4 Moreover, Paz et al. 5 found that individuals who carried 2756GG showed a lower frequency of CpG island hypermethylation in tumor suppressor genes.
For now, there are a large number of molecular epidemiological studies conducted to evaluate the role of MTR polymorphism in different kinds of neoplasm. However, the association between polymorphism and cancer risk is still controversial. Here, we performed a meta-analysis including subgroup analysis from all eligible studies to assess the association of MTR A2756G polymorphism with cancer risk.
MATERIALS AND METHODS

Identification and eligibility of relevant studies
We conducted a computerized literature search of PubMed database (from January 1991 to May 2008) using the following keywords and subject terms: 'methionine synthase' or 'MTR' , 'polymorphism' , and 'cancer' or 'carcinoma' or 'neoplasm' . References of retrieved articles were also screened. When a study reported results on different racial descent subpopulations or tumor sites, we treated each subpopulation or tumor as a separate comparison. Studies included in the meta-analysis had to meet all the following criteria: (a) use unrelated individuals, (b) have available genotype frequencies for both patients and control populations, and (c) genotype distribution of the control population must be in Hardy-Weinberg equilibrium.
Data extraction
Two investigators extracted data independently. When it came to conflicting evaluations, an agreement was reached after a discussion. Data were collected on the authors, journal, year of publication, ethnicity and country of study population (mixed or unknown populations were categorized as 'Others' group), study design, demographics, selection and characteristics of cancer patients and controls (gender, age, sample size, type of sample for genotyping and other variables that can be sources of bias), tumor site, methods for genotyping, MTR polymorphism genotyping information, interactions between environmental factors or genes.
Statistical analysis
Unadjusted OR corresponding to a 95% CI of each study was first calculated in a 2Â2 table. 6 The meta-analysis assessed association between allele G and cancer risk compared with allele A (G vs A), as well as using homozygote comparison (GG vs AA), the recessive genetic model (GG vs AG+AA), the dominant genetic model (AG+GG vs AA) and AG vs AA contrast. Betweenstudy heterogeneity was measured using a Q-statistic test 7 and an I-square statistic. 8 Po0.10 was considered representative of significant statistical heterogeneity because of the low power of the statistic. A fixed-effect model using the Mantel-Haenszel method and a random-effects model using the DerSimonian and Laird method were used to pool the results. 9 The Z test was used to assess the significance of the pooled OR and a P-value of o0.05 was considered significant.
Subgroup analysis was stratified by the study characteristic of racial descent, study design and tumor site, respectively. Furthermore, meta-regression analysis 10 was performed to investigate three potential sources of heterogeneity including ethnicity (Asian vs European), study design (hospital-based vs population-based) and tumor site (one tumor site vs other tumor sites). Statistical significance was defined as a P-value less than 0.10 because of the relatively weak statistical power.
Sensitivity analysis was performed by sequential omission of individual studies and tumor sites under various comparisons in worldwide, Asian and European populations, respectively. We also did cumulative meta-analysis to evaluate the trend of summary ORs (95% CIs) by year of publication.
Publication bias was investigated by funnel plot. Funnel plot asymmetry was assessed by the method of Egger's linear regression test. 11 Hardy-Weinberg equilibrium was tested by the w 2 -test using a web-based program (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl); Analyses were performed using the software Stata version 10.0. All P-values were two-sided.
RESULTS
Eligible studies
Based on the search criteria, 102 articles were found. Sixty-one articles reporting MTR A2756G polymorphism and cancer risk were identified, but only 52 articles met our inclusion criteria. Overall, a total of 24 896 cancer patients and 33 862 controls available from 52 articles (71 studies) for MTR A2756G polymorphism were investigated.
Meta-analysis database
We established a database based on the extracted information from each eligible article (Table 1) . Tumors were confirmed by histological or pathogenic analysis in 45 articles (87%). Forty-five articles (87%) matched in age and 46 articles (88%) matched in sex. While genotyping, only 17 articles (33%) randomly repeated a portion of samples, and 11 articles (21%) described use of blindness of the status of DNA samples. Among 52 articles, 20 (38%) investigated the interactions between polymorphisms and environmental factors, whereas 19 (37%) studied the combined effect with other genes.
Quantitative synthesis
There were significant differences in terms of variant 2756G allele frequency between the two major ethnicities (Asian, 15.0%; 95% CI, 12.7-17.3%; European, 19.6%; 95% CI, 18.8-20.5%; Po0.0001). (Figure 1) . No significant association was found in other tumor sites.
Test of heterogeneity Q-statistic indicated no significant heterogeneity among the 71 studies about MTR A2756G polymorphism. However, meta-regression indicated that both ethnicity (Asian vs European, Po0.001) and study design (hospital-based vs population-based, P¼0.071) significantly contributed to the heterogeneity for MTR A2756G polymorphism under the recessive genetic model. Moreover, colorectal adenoma for MTR (colorectal adenoma vs other tumors, P¼0.076) showed significant contribution to the heterogeneity.
Sensitivity analysis and cumulative meta-analysis
The pooled ORs were consistently significant in Asian populations or European populations by omitting one study or one tumor at a time under the recessive genetic model and homozygote comparison, suggesting robustness of our results. In the cumulative meta-analysis, for Asian or European populations, the pooled ORs tended to be stable and the associations tended toward significant associations with accumulation of more data over time ( Figures 3 and 4) .
Publication bias
Funnel plots and Egger's test were performed to assess publication bias. No publication bias was detected for MTR A2756G (GG vs AG+AA, t¼1.14, P¼0.257). Figure 5 showed the Begg's funnel plot of the Egger's test.
DISCUSSION
This article investigated the relationship between MTR A2756G polymorphism and cancer susceptibility. Overall, 2756GG was associated with a significantly reduced cancer risk in European populations, but an elevated cancer risk in Asian populations under the recessive genetic model and homozygote comparison. Sensitivity analysis indicated robustness of our results.
In this meta-analysis, ethnicity was identified as a potential source of between-study heterogeneity by meta-regression and subgroup analyses for A2756G polymorphism. Many factors may contribute to the fact that the same polymorphism has different roles in different ethnic populations. First, cancer is a complex disease and different genetic backgrounds may cause the discrepancy. There were significant differences in terms of variant 2756G allele frequency between the two major ethnicities. Secondly, different populations usually have different linkage disequilibrium patterns. A polymorphism may be in close linkage with another nearby causal variant in one ethnic population but not in another. MTR A2756G polymorphism may be in close linkage with different nearby causal variants in different populations. Thirdly, clinical heterogeneity like age, sex ratio, dietary, years from onset and disease severity may also explain the discrepancy. Different populations may have differences in dietary intake of nutrients, some of which take part in the tumor formation. Last but not least, the difference may arise from chance, such as type I error. Consequently, further research was needed to investigate the reason for the discrepancy in this study. Although the pooled result was robust in Asian populations, it should still be treated with caution because of different study designs. Among 16 Asian studies, there were 11 hospital-based studies, but only four population-based studies. The genotype distribution in hospital-based studies may not be representative of the general population. Meta-regression indicated that study design significantly contributed to the heterogeneity. Based on different study designs in Asian populations, 2756GG was associated with a significantly increased cancer risk in hospital-based studies, but an insignificantly reduced cancer risk in population-based studies. Therefore, the pooled result in Asian populations may be a spurious finding and larger population-based studies were required to further clarify the association between MTR A2756G polymorphism and cancer susceptibility in Asian populations. Furthermore, among 11 hospital-based Asian studies, eight studies were related to the Japanese population, whose participants were all recruited in the framework of the hospital-based Epidemiologic Research Program at Aichi Cancer Center (HER-PACC). Therefore, the difference between these two study designs may be caused by geographical discrepancy. Meta-analysis of these eight studies showed a significantly elevated association between 2756GG genotype and cancer risk (OR, 1.47; P¼0.004; 95% CI, 1.13-1.91; I 2 ¼0.0%; P heterogeneity ¼0.80). Moreover, minor allele frequency for the Japanese population (0.183) was a little lower than that If the tumor site contains less than three independent individual studies, it was categorized into the 'Other sites' group.
in HapMap data (0.202). Based on this, controls from these eight hospital-based Asian studies may be a little different from the general population, which can contribute to the discrepancy. Interestingly, we found that the G allele frequency in Japanese populations was significantly higher than that in Chinese populations. However, we could not investigate whether A2756G polymorphism has different roles in these two groups, because of limited data.
Cancer is an extremely complex disease and the same polymorphism may have different roles in different tumor sites. Meta-regression indicated that colorectal adenoma made significant contributions to the heterogeneity. For colorectal adenoma, only four studies including 1334 patients and 1930 controls were retrieved. Ethnicity and study design of these four studies were inconsistent. Furthermore, controls in one study 4 were not matched by age. Besides, the result of each Figure 1 Meta-analysis for methionine synthase (MTR) A2756G polymorphism and cancer stratified according to different tumor sites in European populations (GG vs AG+AA). For each study, the estimate of OR and its 95% CI is plotted with a box (') and a horizontal line. The size of a box is proportional to the weight that the study has in calculating the summary effect estimate (}). Figure 3 Cumulative meta-analysis for MTR A2756G polymorphism and cancer risk in European populations (GG vs AG+AA). Horizontal line, the summary of all results as each study is added rather than the results of a single study. Figure 4 Cumulative meta-analysis for MTR A2756G polymorphism and cancer risk in Asian populations (GG vs AG+AA).
these articles analyzed the same environmental or genetic factors such as folate intake, vitamin B 12 intake, vitamin B 6 intake, methionine intake, alcohol consumption, smoke status, MTHFR, TYMS, MTRR, SHMT1 and CBS gene. The results of these articles were conflicting. For example, the interaction between MTR A2756G polymorphism and alcohol consumption for cancer risk was significant in four articles 2, 4, 12, 13 , but null in others. Owing to lack of original data and difference in study designs, we cannot perform meta-analysis. This inconsistency may be due to chance, because an individual study with a small sample size may not have enough power to detect interactions. Environmental or genetic factors may also have different effects on different cancer types. Moreover, most articles used self-administered questionnaires to evaluate environmental factors. Two main limitations of self-administered questionnaires were recall bias and misclassification bias. Obtained data may not reflect intake as accurately as that from other methods, such as biological markers. Therefore, large-scale, well-designed and population-based studies are required to investigate gene-gene and gene-environment interactions on MTR A2756G polymorphism and cancer risk. Our meta-analysis significantly increased statistical power by pooling data from different studies. Meanwhile, we did not detect any publication bias, which indicated reliability of the pooled results. However, several limitations should be considered in the present metaanalysis. First, because only published studies were retrieved in the meta-analysis, publication bias might be possible, even though the statistical test did not show it. Secondly, we used unadjusted ORs in our meta-analysis. If individual data were available, adjusted ORs could be obtained to conduct a more precise analysis. Thirdly, only a few studies investigated the interactions among gene-gene and geneenvironment. Because of limited data and different study designs, the results of interactions were conflicting. Fourthly, multiple testing problems are inevitable since we analyzed different cancer types, ethnicities and study designs, under five different genetic models. Ztest P-values were adjusted to reduce the type I error induced by multiple tests. Adjusted P-values were calculated by PÂk (the number of subgroups). This adjustment did not change the conclusions for Asian populations or European populations, but negated original positive associations for ALL and colorectal cancer in European populations. Finally, study numbers were small in the subgroup analysis stratified by tumor site. Therefore, subgroup analysis may not have sufficient statistical power to identify the association between these polymorphisms and cancer risk.
Despite these limitations, our results still yield interesting conclusions. The MTR A2756G polymorphism may be a reduced risk factor for cancer in European populations, especially for ALL and colorectal cancer. However, the positive association for MTR A2756G in Asian populations may be spurious, because MTR A2756G is associated with an increased risk of cancer in hospital-based studies and a decreased risk of cancer in population-based studies. As the biological role of MTR A2756G SNP is not quite clear now, it is difficult to interpret how associations between MTR A2756G and cancer risk in European populations may be biologically relevant. Further studies should investigate the biological mechanism and function of MTR A2756G polymorphism. Begg's funnel plot of the Egger's test for publication bias of MTR A2756G polymorphism and cancer risk (GG vs AG+AA). The horizontal line in the funnel plot indicates the fixed-effects summary estimate, whereas the sloping lines indicate the expected 95% confidence intervals for a given SE.
